INTRODUCTION
Successful regeneration of a functional organ relies on the organized and timely orchestration of molecular events among distinct stem/progenitor cell populations. The mammalian hair follicle (HF), containing several stem cell populations, serves as an advantageous model for the dissection of such collaboration among distinct cell types. The HF undergoes cyclical periods of growth (anagen) and rest (telogen), driven by the proliferation and differentiation of epithelial stem cells (EpSCs) residing in the bulge area as well as the secondary hair germ (sHG) of the HF (Cotsarelis et al., 1990 , Greco et al., 2009 , Zhang et al., 2009 . The HF bulge and sHG areas maintain not only EpSCs that express Keratin 15 (K15) (Liu et al., 2003) , but also hold melanocyte stem cells (McSCs) that are responsible for hair pigmentation (Nishimura et al., 2002) . McSCs are undifferentiated and unpigmented melanocytes that reside in the bulgesHG area. Developmentally, melanocytes originate from the neural crest (Rawles, 1947) and migrate through the dermis and epidermis to eventually reside in the HF. In adult mouse skin, melanocytes are located exclusively in HFs, while in human skin, melanocytes are maintained in the interfollicular epidermis as well.
During anagen, differentiated McSC progeny that are located in the hair bulb produce and transfer pigment to adjacent epithelial cells that differentiate into hair (Nishimura et al., 2002) . Upon entry into telogen, differentiated melanocytes are no longer present as they undergo apoptosis in sync with degeneration of the lower part of the HF (Sharov et al., 2005) . When EpSCs regenerate the lower follicle at the initiation of a new anagen phase, undifferentiated McSCs coordinately repopulate the hair bulb with differentiated pigment-producing progeny. These two distinct stem cell populations of developmentally distinct origins act in concert to regenerate pigmented hair with each hair cycle. However, the mechanisms behind this coordinated stem cell behavior have not been elucidated.
In this study, we ask how two adult stem cells of different lineages become activated to proliferate and differentiate in a synchronized manner at the onset of HF regeneration. Addressing this question is not only critical to understanding the molecular mechanisms regulating McSCs, but may also provide important insight into how a complex organ can form by cooperation between distinct stem/progenitor cells in adult mammals. Numerous studies have focused on the reciprocal interactions between tissue-producing EpSCs and inductive dermal cells during the induction of HF regeneration (Greco et al., 2009; Rendl et al., 2008) . Little is known, however, about the molecular mechanisms of how different types of stem/progenitor cells, which form the complete HF, coordinate their behavior.
Large strides have been made to understand the molecular signals regulating EpSCs (Blanpain and Fuchs, 2009) . Principal among these is the Wnt signaling pathway. Upon Wnt stimulation, GSK3b, which phosphorylates and targets b-catenin for degradation, is inhibited. b-catenin accumulates in the cytoplasm and then translocates to the nucleus, where it binds to TCF/LEF transcription factors to regulate transcription of Wnt target genes (Barker, 2008) . The resulting changes in gene expression are the basis for the diverse roles of Wnt signaling in development, regeneration and tumorigenesis (Nusse, 2008) . Wnt signaling is critical for HF development, as inhibition of embryonic Wnt/b-catenin signaling results in a lack of HFs (Andl et al., 2002; Huelsken et al., 2001 ). Activation of b-catenin promotes HF morphogenesis and differentiation (Gat et al., 1998; Zhang et al., 2008) . Postnatally, Wnt/b-catenin signaling is activated in EpSCs and is essential for their proliferation and differentiation to regenerate the HF during anagen (Lowry et al., 2005; Van Mater et al., 2003) . These studies established the role of Wnt signaling in governing HF development and the adult hair cycle. Interestingly, b-catenin activation in embryonic epidermis results in hyperpigmentation (Zhang et al., 2008) , and ectopic hair follicles induced by forced activation of b-catenin contain melanocytes (Silva-Vargas et al., 2005) , suggesting that epithelial b-catenin may influence behavior of other cell types, including melanocytes in the skin. However, the precise cellular behaviors of melanocytes or molecular mechanisms that resulted in the observed phenotypes have not been defined.
In contrast to EpSCs, relatively modest strides have been made toward understanding the signals that regulate McSCs (Nishikawa and Osawa, 2007) . Previous elegant studies revealed that Notch (Moriyama et al., 2006; Schouwey et al., 2007) and TGF-b signaling (Nishimura et al., 2010) are essential for McSC establishment and maintenance, while molecular signals regulating the proliferation and differentiation of McSCs during HF regeneration remain largely unknown.
The importance of Wnt signaling in mouse melanocyte development is exemplified by studies showing that mice deficient in Wnt1 or Wnt3a expression, or the downstream effector, b-catenin, exhibit a loss of melanocyte formation from neural crest (Ikeya et al., 1997; Hari et al., 2002) . Wnt signaling promotes the generation of melanocytes from neural crest cells (Dorsky et al., 1998; Dunn et al., 2000) . b-catenin stabilization in mouse melanoblasts results in their reduced numbers in embryonic skin . In vitro studies have shown that Wnts induce several melanogenic genes associated with melanocyte differentiation (Takeda et al., 2000) . Conversely, Dickkopf 1, an inhibitor of canonical Wnt activity, suppresses melanocyte differentiation in human melanocyte cultures (Yamaguchi et al., 2004) . However, despite these cumulative data on the role of Wnt signaling in in vitro melanocyte/melanoma studies 
RESULTS

EpSCs and McSCs Coactivate Wnt Signaling at Anagen Onset in the sHG
To investigate the potential role of canonical Wnt signaling in McSCs, we examined the immunoreactivity of b-catenin, a key downstream mediator of Wnt signaling, during the adult hair cycle. We analyzed melanocytes that stain positively for Trp2 (tyrosinase-related protein 2), a marker that is expressed in both differentiated and undifferentiated melanocytes (Nishimura et al., 2002) . During telogen, Trp2 + McSCs were found in the lower permanent portion of the HF, corresponding to the bulge-sHG area, consistent with previous reports (Nishimura et al., 2002) . We previously described that the sHG is a biochemically distinct but functionally closely related extension of the bulge (Ito et al., 2004) . Recent studies showed that EpSCs in the sHG (CD34 À ) initiate hair growth in cooperation with bulge EpSCs (CD34 + ) in anagen (Greco et al., 2009 , Zhang et al., 2009 ).
During telogen, b-catenin is confined to the cytoplasm of Trp2 + McSCs in the bulge-sHG area ( Figure 1A ). At anagen onset, both EpSCs and McSCs that colocalize in the sHG (CD34 À ) display nuclear b-catenin, an indicator of active canonical Wnt signaling Figure S1 available online). As the HF grows, the sHG becomes unapparent with establishment of the hair bulb ( Figure 1C ). The melanocytes that show nuclear b-catenin positivity remains closely associated with the nuclear b-catenin-positive epithelial cells in the hair bulb ( Figure 1C ). The nuclear signal in differentiated bulb melanocytes then becomes downregulated by late anagen (Figure 1D) , prior to the transition into catagen ( Figure 1E ). This pattern of nuclear b-catenin reactivity ( Figure 1J ) is also seen in human HFs, suggesting that the regulation of Wnt signaling is conserved between mouse and human follicular melanocytes ( Figure S2 ). ) to conditionally express a dominant mutant form of b-catenin specifically in melanocytes in vivo (Bosenberg et al., 2006; Harada et al., 1999) . The mutant b-catenin gene lacks exon 3, which is essential for its phosphorylation by GSK3b, resulting in constitutive activation of canonical Wnt signaling. Scale bars represent 20 mm (A) and 50 mm (C-E). sg, sebaceous gland; dp, dermal papilla; sHG, secondary hair germ. See also Figures S1 and S2.
After tamoxifen (TAM) induction of the mutant b-catenin gene during early anagen, we found that bulge McSCs, which typically do not undergo b-catenin stabilization, exhibit nuclear localization of b-catenin during anagen ( Figures 2F and 2H ). Most noticeably, those McSCs that show aberrant b-catenin activation also display ectopic pigmentation within the bulge, a region that never has pigment in control mice ( Figures 2G and 2K We noticed that some of the TAM-induced mice grew unpigmented hair in the third anagen and that all mutant mice exhibited this phenotype by the fourth hair cycle (Figures 2B and 2C) , in contrast to control mice that maintain pigmented hair. Previous studies showed that precocious differentiation of McSCs in the bulge occurs at the expense of stem cell selfrenewal, leading to their eventual loss and causing hair graying (Nishimura et al., 2005) . We analyzed whether pigmented McSCs in our model were similarly lost during successive hair cycles. After the initial TAM treatment during the second anagen, McSCs persisted throughout the immediate HF cycle ( Figure S4A ). However, by the end of the third hair cycle, when hair graying begins to be observed in the mutant mice, the number of Trp2 
b-Catenin Is Required for McSC Differentiation
To further examine the importance of Wnt signaling in McSC regulation, we depleted b-catenin gene expression using a conditional knockout (cKO) mouse (Tyr-rtTA;tetO-Cre; b-catenin fl/fl ) that cannot express functional b-catenin protein (Brault et al., 2001) in melanocytes upon doxycycline (Dox) treatment.
We maintained mice on Dox-containing food beginning at the first telogen. In the following second hair cycle, we did not detect any measurable changes in melanocyte number or their expression of differentiation markers in the bulge or in the hair bulb. However, continued induction past the second telogen and into the next hair cycle eventually resulted in gray hair coats on the cKO mice ( Figure 3B ). Unlike control bulb melanocytes, the mutant bulb melanocytes display a clear lack of nuclear b-catenin (Figures 3J-3M and 3R). These bulb melanocytes have defects in pigment production and fail to express melanocyte differentiation markers like MITF that are normally found in bulb melanocytes ( Figures 3N-3Q and 3T and Figure S5 ). Furthermore, HFs had markedly reduced numbers of bulb melanocytes. We found that bulge McSCs and their descendant bulb melanocytes in the cKO mice incorporate BrdU about two-fold less than control melanocytes during anagen ( Figure S5I ). However, bulge melanocytes persist and remain unpigmented, similar to control mice ( Figures 3D, 3E , 3G, and 3H). We did not detect expression of cleaved caspase-3, an apoptosis marker, in cKO bulb melanocytes ( Figure S6 ), suggesting that the reduced number of bulb melanocytes is largely due to a proliferation defect. Our data show that loss of b-catenin in melanocytes inhibits follicular melanocyte proliferation and differentiation during anagen, resulting in the formation of unpigmented hair ( Figure 3I and Figure S3 ). These results show that McSCs, similar to EpSCs (Lowry et al., 2005) , utilize Wnt signaling to stimulate their initial differentiation during anagen. Therefore, the coactivation of Wnt signaling in EpSCs and McSCs at anagen onset ( Figure 1 ) suggests that both stem cell populations become coordinately committed to the generation of a pigmented HF within a shared niche.
Wnt Ligands Expressed by EpSCs Are Capable of Activating Wnt Signaling in Neighboring Melanocytes at Anagen Onset
In an effort to characterize the Wnt ligand(s) responsible for b-catenin stabilization in McSCs at anagen onset, we isolated McSCs using double transgenic Wnt1-Cre;Rosa stop-YFP mice.
In these mice, all neural crest-derived melanocytes in skin express YFP (Lang, et al., 2005) . Immunohistochemistry showed that 100% of Trp2 + McSCs express YFP ( Figure 4A ). Cytospin analysis of isolated YFP + cells confirmed that 100% of YFP + cells express Trp2 ( Figure 4D ). We then performed qPCR to compare the expression levels of Wnt ligands in McSCs isolated at telogen and anagen onset (depilation-induced). However, we found that no Wnt ligand is significantly upregulated in McSCs at 24 or 48 hr into anagen onset ( Figure 4G ). How do McSCs activate Wnt signaling without producing an endogenous Wnt ligand at anagen onset? The stem cell theory suggests that stem cells are regulated by both intrinsic programs and by extrinsic signals derived from neighboring niche cells (Schofield, 1978) . To begin to examine the possibility of an extrinsic regulator of McSC Wnt signal activation, we focused on K15 + EpSCs (Liu et al., 2003) , niche cells that neighbor
McSCs (Tanimura et al., 2011) . A previous report demonstrated by in situ hybridization that Wnt 10b is the only detectable Wnt ligand in the lowermost permanent portion of follicular epithelium, corresponding to the sHG (Reddy et al., 2001 ). More recently, microarray data indicating that several Wnts are upregulated in sHG EpSCs at anagen onset was reported (Greco et al., 2009 ). To confirm Wnt ligand expression by K15 + EpSCs, we isolated them using K15-GFP transgenic mice that express GFP in K15 + EpSCs (Morris et al., 2004 ) ( Figure 4F ). qPCR confirmed upregulation of several Wnts in K15 + EpSCs at anagen onset, consistent with a previous report ( Figure 4H ). We also confirmed that Wnt 10b, was expressed in the sHG (Figure 4J) . Additionally, Wntless, known to be required for Wnt ligand secretion (Fu et al., 2009) , is strongly expressed in sHG EpSCs but not in McSCs at anagen onset ( Figure 4K ). These data indicate that, in contrast to McSCs, EpSCs can express and secrete canonical Wnt ligands in a hair cycle-dependent manner and may serve as a cellular source of b-catenin stabilization during anagen onset.
To test whether a canonical Wnt ligand secreted by epithelial cells can influence Wnt signaling activity in adjacent melanocytes, we cultured Wnt10b-transfected epithelial cells with melanocytes that contain a Wnt-responsive luciferase reporter ( Figure 4L) upregulated melanocyte differentiation markers including MITF ( Figure S7 ). Not surprisingly, EpSCs in the sHG of these same HFs also exhibited precocious b-catenin stabilization in this experiment ( Figures 4M and 4O ). To exclude possible secondary effects of b-catenin stabilization in EpSCs and concomitant anagen onset, we introduced Wnt7a-beads into K14-CreER; b-catenin fl/fl mice that do not enter anagen upon TAM induction (Lowry et al., 2005) . The EpSCs in these arrested telogen follicles failed to express nuclear b-catenin, as expected. Within 5 days after Wnt7a inoculation, McSCs in lowest parts of the follicles surrounding Wnt7a-beads still exhibited expression of nuclear b-catenin ( Figures 4M and 4O (Morris et al., 2004) . After RU486 treatment, b-catenin stabilization is observed in the bulge epithelial cells, producing irregular buds arising from the bulge area, consistent with previous studies ( Figures 5B and 5C ) (Gat et al., 1998; Silva-Vargas et al., 2005) . This leads to an abnormal enlargement of the bulge area ( Figures 5A and 5B), containing Trp2 + melanocytes that localize specifically to areas of nuclear b-catenin-positive epithelial cells ( Figures 5B and 5C ). McSCs showed increased proliferation, leading to a dramatic increase in their numbers in the outer root sheath (ORS) ( Figure 5C ). Cells of the upper follicle and interfollicular epidermis are not derived from K15 + EpSCs during homeostasis (Ito et al., 2005) . These areas did not exhibit nuclear b-catenin positivity and lacked melanocytes ( Figure 5D ).
To confirm the correlation of epithelial b-catenin activation and melanocyte expansion, we used K14-CreER;b-catenin fl(ex3)/+ mice in a complementary experiment. In these mice, the TAM-inducible CreER gene is driven by a K14 promoter that is active in the entire basal layer of all skin epithelial compartments, including the upper follicle and interfollicular epidermis (Vasioukhin et al., 1999) . After TAM treatment, we found expanded numbers of Trp2 + melanocytes ectopically located in all compartments within the skin epithelium ( Figure 5F ). These results suggest that b-catenin stabilization in epithelial cells promotes melanocyte proliferation.
Melanocyte Expansion by b-Catenin Stabilization in EpSCs Is Mediated by Edn Receptor B Signaling
To understand how b-catenin stabilization within epithelial cells results in melanocyte expansion, we performed a microarray analysis using complementary DNA (cDNA) prepared from whole skin samples harvested from the above described K15-crePR1; b-catenin fl(ex3)/+ mice ( Figure 5 ). The analysis (data not shown) and qPCR show that Edn1, a direct target of Wnt signaling (Kim et al., 2005 ) and a potent mitogen for melanocytes (Saldana-Caboverde and Kos, 2010), is markedly upregulated in mutant skin ( Figure 6A ). Immunohistochemical detection of Edns on skin sections further confirmed enhanced levels of Edns in the ORS ( Figure 6F ), remarkably corresponding to areas of Wnt-activated epithelial cells in these mutant mice ( Figure 6E ). In contrast, Edn expression in control anagen HFs was largely confined to the matrix and inner parts of the hair ( Figure 6D Figure 6B ). To examine whether Edns are upregulated in EpSCs at anagen onset, when Wnt signaling is activated in EpSCs of wild-type mice, we sorted EpSCs from K15-GFP mice ( Figure 2E ). qPCR analysis shows that Edn 1 and 2 are upregulated at anagen onset ( Figure 6M To determine whether Edns, which are upregulated upon b-catenin stabilization in EpSCs, may contribute to McSC proliferation, we used a potent and specific antagonist of EdnrB, BQ788. We injected BQ788, or vehicle (PBS) into TAM-induced 21d old K14-creER;b-catenin fl(ex3)/+ mice and analyzed their skin 7 days later. PBS injection resulted in the expected expansion of melanocytes. However, administration of BQ788 resulted in marked abrogation of this expansion ( Figures 6N and 6O ). We did not detect cell death in the skin injected with PBS or BQ788 (data not shown).
To further investigate the interaction between Wnt-activated epithelial cells and melanocytes, we utilized a coculture model ( Figure 6P I SG SG dp dp dp Figure S9B ).
(F) GFP + CD49f + EpSCs were isolated from K15-GFP mice, as described (Morris et al., 2004) . We then used a potent anagen induction stimulus (depilation) and carefully examined Edn expression in EpSCs. After depilation of induced mice, we observed the expected hair cycle arrest ( Figure S9F ). In these arrested follicles, the EpSCs lacked any detectable expression of Edns ( Figure S9C ). qPCR with cDNA prepared from epithelial sheets, including HFs, confirmed the lack of Edn upregulation in the cKO samples, in contrast to the controls ( Figure S9D ). Trp2 + McSCs failed to proliferate after depilation, while McSCs of control mice initiated proliferation normally ( Figures S9E and S9F) . Our results show that the induction of Edn in the sHG and the initiation of McSC proliferation ultimately requires EpSC Wnt/b-catenin signaling, either directly or indirectly through mechanisms associated with anagen onset.
DISCUSSION
The organized assembly of different cell populations is fundamental to adult organ regeneration. The remarkable phenomenon has been documented in the regeneration of complex organs, including limbs, heart or brain, in only a few animal species, such as the newt (Brockes and Kumar, 2005) . In mammals, regeneration of simple stratified epithelia such as skin and cornea from their constituent stem cells was accomplished over a decade ago (Doran et al., 1980; Pellegrini et al., 1997) . However, attempts to regenerate complex organs composed of multiple cell types, such as limbs, have been largely ineffective. For example, we previously demonstrated that adult mouse skin can regenerate HFs de novo after wounding (Ito et al., 2007 ). Yet these new HFs develop without the efficient recruitment of melanocytes, resulting in the production of unpigmented hair. The lack of clinical therapies to effectively regenerate a complete functional organ partly reflects our incomplete understanding of the cellular and molecular mechanisms that orchestrate the dynamic spatiotemporal interactions between constituent progenitor populations during adult tissue/organ regeneration. To approach this issue, we turned to the cycling HF, a unique example of spontaneous regeneration in mammals. In this miniature organ, EpSCs and McSCs coordinately proliferate and differentiate to produce the pigmented HF with each hair cycle. Using lineage-specific promoters in mutant mouse models, our study demonstrated that Wnt signaling is a key pathway for not only intrinsic but also extrinsic regulations of McSCs by EpSCs in their shared niche and plays critical roles in coupling their behavior during pigmented HF regeneration.
Wnt Signaling within McSCs Is Critical for McSC Differentiation and Hair Pigmentation but Ultimately Promotes McSC Exhaustion
Despite the well-known role for Wnt signaling in multiple stem cell populations, including EpSCs and intestinal stem cells (Haegebarth and Clevers, 2009) , and its implication in tumorigenesis, including melanoma (O'Connell and Weeraratna, 2009) Figure S4 ). These results may be consistent with the previously proposed theory that the untimely differentiation of McSCs eventually leads to their decreased numbers in the bulge (Inomata et al., 2009; Nishimura et al., 2005) .
We also showed that Wnt suppression is necessary to maintain McSCs in an undifferentiated state. Our analysis of nuclear b-catenin localization shows that Wnt signaling is normally inactive in bulge McSCs in both mice and humans (Figure 1 and Figure S1 ). These data agree with past studies, showing that both follicular EpSCs and McSCs express high levels of secreted Wnt inhibitors that inhibit melanocyte differentiation in vitro (Morris et al., 2004; Nishikawa and Osawa, 2007; Tumbar et al., 2004; Yamaguchi et al., 2004) . Together, these results suggest that Wnt inhibitors expressed in the stem cell niche may play an important role in the maintenance of undifferentiated McSCs. Clinically, the regulation of Wnt signaling in McSCs may offer strategies to preserve McSCs, which have been shown to be exhausted during aging as a result of inappropriate differentiation (Nishimura et al., 2005 (Greco et al., 2009; Reddy et al., 2001) , providing a potential source of Wnt stimulation for EpSCs and McSCs. We propose that the coordinated activation of Wnt signaling in both EpSCs and McSCs within the sHG at anagen onset may, at least in part, be coupled by Wnt ligands secreted by EpSCs (Figure 7 , stem cell coactivation model, step1). As activation of Wnt signaling drives both McSC and EpSC differentiation, our data illustrate a possible molecular mechanism that initiates the coordinated differentiation in each of these two distinct stem cells.
Interestingly (Greco et al., 2009 ). Inhibition of these various factors in location-specific cell populations will be required to fully evaluate these possibilities.
Wnt Signaling in EpSCs Stimulates EdnrB-Dependent Melanocyte Proliferation
We showed that forced b-catenin stabilization in EpSCs dramatically enhanced McSC proliferation. In addition, our results demonstrate that the lack of b-catenin in EpSCs not only arrested EpSC proliferation but also blocked McSC proliferation ( Figure 5 ). From these data, we propose that signaling crosstalk occurs between these two activated stem cell types, subsequent to Wnt coactivation, to influence McSC proliferation (Figure 7 , stem cell coactivation model, steps 2 and 3). One intriguing interpretation for these findings is that McSC proliferation is tightly coupled to that of Wnt-activated EpSCs to ensure that sufficient McSC progeny are generated to populate the hair bulb, where Wnt signaling is active in differentiating matrical epithelial cells and where pigment transfer occurs. Our study definitively demonstrates that a specific modulation of gene expression in EpSCs altered the behavior of McSCs.
Our data demonstrate the dominant influence of EpSCs on McSC proliferation. These results may agree with a recent study suggesting that EpSCs provide a niche for McSCs. In that study, EpSC depletion was induced by germline loss of Col17A1, which is expressed in the basal layer of the epidermis including the bulge, and resulted in the McSC exhaustion (Tanimura et al., 2011) .
We found that EpSCs with forced b-catenin stabilization promoted proliferation of McSCs and identified Edn signaling as a mechanism behind this non-cell-autonomous role of epithelial b-catenin. A recent study showed that forced activation of Wnt signaling in embryonic skin is accompanied by epidermal hyperpigmentation and upregulation of SCF, Adamts20, and Foxn1, genes known to regulate pigmentation (Zhang et al., 2008) . We did not detect increased expression of any of these genes after forced activation of Wnt signaling in EpSCs by qPCR or microarray (data not shown).
By disrupting the Edn/EdnrB signaling by administration of BQ788, in both in vivo and in vitro experimental models, we showed that melanocytes react to Wnt-activated EpSCs through EdnrB signaling (Figure 6 ). These results are consistent with the well-established role for Edns in proliferation of embryonic melanoblasts or human melanocytes in multiple experimental models (Imokawa, 2004) . It is unknown whether Edn1 is a direct target of Wnt signaling in the adult HF system as shown in colon cancer cells (Kim et al., 2005) . Elucidation of the molecular mechanisms regulating Edn expression in EpSCs will further delineate the molecular networks leading to McSC proliferation. Step 1
Step 2
Bulge
Regeneration of pigmented hair follicle The collaboration between distinct stem cell types has been well illustrated in studies of the Drosophila ovary, in which germ line and escort stem cells are physically associated and mutually comprise a niche for each other (Kirilly and Xie, 2007) . This allows them to divide synchronously so that the germline progeny can be encased by escort progeny during division and maturation, to coordinately form a functional cyst in the ovary. We have demonstrated that EpSCs not only serve as the source for the epithelial components of the follicle, but also regulate proliferation and differentiation of McSCs, which in turn provide pigment to the epithelial cells during HF formation. Our study suggests that mammalian tissue/organ regeneration may apply the same principle as in Drosophila ovary to ensure maximum efficiency in the formation of a complex organ. Such conserved mechanisms may underlie the extraordinarily high regenerative capacity of the adult HF.
Collectively, our study demonstrated that Wnt signaling is a key pathway for both intrinsic and extrinsic regulation of McSCs in their niche. We expect that not only Wnt signaling but other signaling pathways active in EpSCs may influence McSCs as well and serve as additional means of communication between these two cell types. Investigation of McSC behavior and function following modulation of additional signaling pathways in EpSCs will further characterize the nature of communication between these distinct stem cell populations. Table S2 ).
Isolation of McSCs
For isolation of YFP+ McSCs, epidermal single-cell suspension including follicular keratinocytes were sorted on the Dako MoFlo cell sorter (details are in the Supplemental Experimental Procedures).
Quantitative RT-PCR
We obtained RNA from FACS-sorted cells or full thickness mouse dorsal skin with Trizol (Invitrogen, CA) and reverse transcribed with Superscript III First Strand Synthesis System (Invitrogen) for cDNA synthesis. Real-time amplification was carried out using the ABI 7900HT SDS system. The target gene transcripts were quantified relative to the housekeeping gene, GAPDH. Please see Table S1 for a list of primers used.
Quantification and Statistical Analysis
For quantification of immunohistochemical and histological analysis, more than 60 longitudinal HF sections from at least three different mice were analyzed. qPCRs were performed with duplicates, and two to three mice were used per genotype or time point. Results are representative of at least three independent experiments. A t test was used for statistical analyses.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, nine figures, and two tables and can be found with this article online at doi:10.1016/j.cell.2011.05.004.
